Denaturing gradient gel electrophoreses of polymerase chain reaction amplified DNA products and subsequent direct sequencing identified a G-to-A transition causing a replacement of Gly 122 with Arg in an etectrophoretic mobility variant of human triosephosphate isomerase, TPI-Manchester. This was the only TPI electromorph variant detected in screening of > 3,400 humans in an Ann Arbor, Mich. population. This substitution is at the amino terminus or solvent interaction end of the fifth 13 sheet of the a/~ barrel structure. The TPI-Manchester variant is a thermolabile enzyme, but the stability of the variant enzyme is not sensitive to other denaturants. This amino acid substitution does not involve residues of the active site and does not detectably alter the kinetic properties of the enzyme. The data provide additional insight into the amino acid residues that are important for the maintenance of the structural characteristics of this very evolutionary constrained protein.
Introduction
Triose phosphate isomerase (TPI; EC 5.3.1.1), a homodimeric enzyme, is noted for its high catalytic efficiency and evolutionary conservation. The interconversion of dihydroxyacetone phosphate and glyceraldehyde phosphate is enhanced by a factor of ~10 ~° in the presence of the enzyme (Albery and Knowles 1976; Nickbarg and Knowles 1988) . The rate of catalysis is one of the highest known and the reaction rate is diffusion limited ). The structural features of the enzyme are welt documented, and crystallographic studies have been conducted on the enzyme from six organisms (Lolis et al. 1990) . TPI is composed of an eight-stranded ct/[3 barrel structure and is considered the prototype for this barrel folding pattern that has been identified in many other enzymes (Lolis et al. 1990 ). Genetically engineered varOffprint requests to: H. Mohrenweiser iants of the enzyme have been used to study the reaction mechanism , subunit interactions , and the thermostability of the enzyme .
Given the apparent evolutionary constraints on acceptable amino acid substitutions, it is not surprising that less than ten electrophoretic mobility variants have been identified during the screening of over 30,000 humans from several different populations by a series of investigators (Harris et al. 1974; Mohrenweiser et al. 1987; Neel et al. 1988) . In contrast to the infrequent electromorph variation, some 20 unrelated cases of homozygosity for TPI deficiency are known (Tanaka and Zerez 1990) . The frequency of individuals heterozygous for a null allele at this locus ranges from two variants/1000 individuals screened in Japanese (Neel et al. 1988) , U.S. Caucasians (Mohrenweiser 1987) , and Europeans (Eber et al. 1984) to four variants/100 individuals in American blacks (Mohrenweiser 1987; Mohrenweiser and Fielek 1982) . It has been suggested that some combinations of these null alleles result in embryo lethality (Mohrenweiser and Fielek 1982) ; in the mouse, embryo lethality associated with homozygosity for null alleles is observed (Merkle and Pretsch 1989) .
One of the electromorph variants identified during the screening of human populations, TPI Manchester, exhibits cathodal mobility relative to the normal human isozyme Mohrenweiser 1981, 1985) . Normal levels of enzyme activity are observed in erythrocytes of the heterozygous variant individuals (parent and child), and the variant isozyme has normal kinetic parameters (Asakawa and Mohrenweiser 1982) . The TPIManchester variant exhibits increased thermolability relative to the normal isozyme but is not sensitive to inactivation by urea, guanidine, acid pH, or basic pH. We report the utilization of denaturating gradient gel electrophoresis (DGGE) of polymerase chain reaction (PCR) amplified fragments of the TPI gene and subsequent sequence analysis to identify a nucteotide substitution generating a glycine to arginine substitution in the variant enzyme.
Materials and methods

DNA isolation
Control DNA was isolated (Maniafis et al. 1982 ) from human placental tissue whereas variant DNA was isolated from a lymphoblastoid cell line, UM-121 (Decker and Mohrenweiser 1986) . The TPI isozyme pattern in the UM-121 cell line is identical to the pattern previously observed in erythrocytes and lymphocytes from the proband.
PCR amplification
Primer pairs designated TPI-NA/NB, -3/11 and -9/10 were used for PCR amplification.
The position of the 5' nucleotide of each primer is indicated relative to the sequence of the chimpanzee gene (Craig et al. 1991) as the complete sequence of the human gene is not available. The primers are located within intron regions. TPI primers 9 and 10 allowed the integration of a GC-rich oligomer or "GC-clamp" (Sheffield et at. 1989) at both ends of the PCR product. The three PCR products include all seven TPI exons and with the exception of intron 1, most of the intron regions (Fig. 1 a) . Primer pair NA/NB allowed for the amplification of exon 1 plus contiguous flanking sequences whereas primers 3/11 and 9/10 amplified exons 2, 3, 4 and exons 5, 6, 7, respectively, plus associated intronic regions. position and orientation of primer pairs NA/NB, 3/11, and 9/10, which were used to generate PCR products containing exons 1, 2-4, and 5-7, respectively. Primers were located in regions flanking the various exons. Digestion with SauA3 was used to divide the primer 9/10 product into two smaller fragments containing exons 5 and 6-7, respectively. B Scheme for utilization of nested sequencing primers to determine the position and the nature of putative base substitution in the PCR product that includes exons 2-4. Nested primers N3, N3.3, N3.7, and Nll were employed to facilitate bidirectional dideoxy sequencing of regions containing exons 2, 3, and 4
All PCR reactions were carried out as described by Sakai et al. (1988) with a DNA thermal cycler (Perkin Elmer Cetus, Norwalk, Conn.). Each 100 gl reaction contained -2 gg of genomic DNA, 200 ng of each primer, 200 pM of each dNTP, 50 mM KCI, 10 mM HEPES (pH 8.0), 1.5raM MgC12, 0.02% gelatin (Sigma) 0.5% NP-40, and 2 units of Taq DNA polymerase (PE Cetus). Cycle parameters were as follows: 94°C, 2min; denaturation at 94°C, i rain; 55°C, 30 s; annealing at 55°C, 20 s; 72°C, 2 min; elongation at 72°C, 1 min for 30 cycles, followed by an incubation period of 10 min at 72°C to ensure full length amplification products. After 200 gl of chloroform was added and the lower, mineral oil-chloroform phase was discarded, 20pl of loading buffer -TE (10raM Tris-C1, pH 7.9 and lmM EDTA), 15% Ficoll type 400, 0.2% bromphenol blue, and 0.2% xylene cyanol -was added to the remaining aqueous reaction volume before loading onto the denaturing gels.
In the case of PCR product from primers 9 and 10, the amplified product was digested with the restriction enzyme Sau3A to generate fragments of 503 bp (containing exon 5) and 517 bp (containing exons 6 and 7), each with a GC-clamp at one end, before addition of the loading buffer. As suggested by Sheffield et al. (1989) , this strategy facilitated the DGGE screening and with the utilization of different restriction enzymes should allow for the more refined region localization of the nucleotide sequence variation.
Denaturing gradient gel electrophoresis
Denaturing gradient gel electrophoresis (DGGE) was performed as described by Myers et al. (1985 Myers et al. ( , 1988 . All PCR products were initially screened on 1.5-mm-thick denaturing acrylamide gels containing a broad linear gradient of 30%-70% denaturant (100% = 7M urea and 40% formamide), 10% acrylamide (1.08% bis) and 1 × TAE (0.04 M Tris-acetate and 0.001 M EDTA) in order to determine the optimal gradient range for resolution of each amplified fragment. Gels were immersed in a 60°C circulating bath of t × TAE and electrophoresis was for 12-16 h at 25 mA. Subsequent analysis employed the following gradients: exon I fragment, 40%-70% ; exons 2-4 fragment, 40%-60%; exons 5-7 fragments, 40% -60%. Following electrophoresis, the gels were stained with ethidium bromide and the migration profiles visualized with ultraviolet illumination.
DNA sequencing
To provide templates for sequencing, the band corresponding to each allelic form (normal and variant) of a particular PCR product was directly excised from the denaturing gradient gel. The acrylamide gel slice was soaked for 20 min in TE, then placed into a microfuge tube and ground to a fine consistency. After 0.2 ml of 0.1 × TE was added and the contents vigorously vortexed for 1-3 rain, the contents were centrifuged to consolidate the acrylamide debris.
To generate double-stranded DNA for sequencing, a small portion (generally 4-6 ~tl) of the aqueous overlayer from each tube was amplified as previously described, using the same primers as originally employed to generate each product. After amplification, the DNA was purified using a Bioelean kit (United States Biochemical Corp. Cleveland, Ohio).
Each allelic form of the PCR product containing exons 2-4 from TPI-Manchester was sequenced bidirectionally by the dideoxy method (Sanger and Coulson 1975 ) using a Sequenase ® kit and Sequenase ® version 2.0 T7 DNA polymerase (USB). The sequencing strategy employed two sets of nested primers:
5'-ATCTTGCCCTCAGAGGTG-3' (1295), N3.3: 5'-ACACACCCCTCTCCACCTCG-3' (1465), N3.7: 5'-ACCTI'GGCTrCATCTCTTCC-3' (1526) and Nll: 5'-CAAGGTCCCTTFCTCAGAG-3' (1866).
N3 and N3.3 allowed for the bidirectional sequencing of TPI exon 2 from noncoding sequences flanking the upstream and down-stream ends of the exon respectively. N3.7 and Nll allowed for sequencing of the fragment containing TPI exons 3 and 4 together, in a similar fashion (Fig. lb) . Approximately 50ng of PCR-amplified TPI 3/11 product was combined with 20 pmol of one of the four nested TPI primers, 2 gt of 5 x reaction buffer and 0.5% NP-40 in a total reaction volume of 10 ~1. The contents were heated at 98°C for 5 rain and immediately transferred to a dry ice-ethanol bath. All subsequent reactions were performed as suggested by the manufacturer with c~35S-dATP (1000 Ci/mmol); the products were fractionated on an 8% polyacrylamide sequencing gel.
Results
Denaturing gradient gel electrophoresis
The results of the D G G E analysis of the three TPI PCR products from both control and TPI-Manchester genomic D N A samples are shown in Fig. 2 . As seen in Fig.  2A , only a single band, with identical mobility in both normal and variant DNA, was observed for the fragment that included exon 1. In Fig. 2B , two bands are observed in both samples when the Sau3A-digested PCR amplified fragment that includes exons 5-7 is examined. The upper band includes exon 6 and 7 while the lower band includes exon 5. Each of the Sau3A fragments migrated as single bands under their respective D G G E conditions. The exons 5-7 fragment was also amplified using primers without GC-tails, and again identical mobility fragments were observed in both normal and variant samples (data not shown), Primers spanning the Sau3A site were generated in order to be able to amplify the exon 5 and exons 6 plus 7 fragments independently. Only a single band was observed in each sample from both variant and normal individuals following D G G E of these fragments. Thus, no evidence for a nucleotide sequence difference in the exon 5-7 region between the normal and variant allele was detected. The segregation of the 584-bp product, which includes exon 2-4, into two bands suggested the existence of two allelic forms of this particular PCR product within the genome of the TPI-Manchester individual (Fig. 2C) . Since the lower band comigrates with the only band derived from several non-variant samples, it was presumed to represent the normal allelic form of the exon 2-4 fragment. The upper band should correspond to the fragment from the variant allele. The two additional, less stable bands of lower staining intensity are presumably heteroduplexes formed during the annealing step of the last PCR amplification cycle. As the variant allele gives rise to a protein with normal activity-but altered mobility (Decker and Mohrenweiser 1982) , the substitution, if responsible for the shift in the electrophoretic mobility of the enzyme, presumably resides in exon 2, 3, or 4 rather than in an intron.
D N A from 16 additional, unrelated individuals (32 alleles) was studied for evidence of sequence variation detectable with the P C R / D G G E assay. The PCR primers utilized to generate the D N A fragments in this screen were the six pairs described above, plus two pairs of primers that generated exons 2 plus 3 and 4 as unique fragments. Fragments that included most of the TPI gene with the exception of intron 1 and totaling 1812 nucleotides in length were generated from each sample. No evidence of a double-banded pattern following D G G E of any of the fragments was detected in any individual. Thus, within the limits of detectability by the D G G E assay, no nucleotide substitutions were identified in the -5 5 kb of D N A generated in samples from this population, indicating that any variant alleles that might be detected by D G G E would exist with a frequency of less than 3 % -5%.
Sequence analysis
Sequence analysis of the normal and variant allelic fragments of the 584-bp PCR product from exons 2-4 derived from TPI-Manchester revealed a G-to-A transition in exon 4 at nucleotide 1752 (Fig. 3) using the numbering system of the chimpanzee gene (Craig et al. 1991) or nucleotide 366 in the human cDNA sequence (Marquat et al. 1985) . This nucleotide substitution changes the amino acid of codon 122 from glycine to arginine. All other sequence data derived from the normal and variant alleles of this PCR product were consistent with that previously published for the human (Marquat et al. 1985) and primate (Craig et al. 1991; Old and Mohrenweiser 1988) genes. This sequence variation in the variant allele was observed in samples produced from several independent amplifications of the genomic DNA, thereby reducing the probability that the variation is associated with errors induced by the polymerase enzyme during amplification.
Discussion
The sequence of the TPI enzyme from 13 organisms including bacteria, plants, and animals is known (see Lolis et al. 1990 ). The intron-exon boundary positions have been extensively retained in widely divergent species (Marchionni and Gilbert 1986) . The overall amino acid homology is ~50% for such distantly related organisms as Escherichia coli and man (Brown et al. 1985) , with 22% of the residues being identical in the enzyme from all species. The enzyme from human and rhesus (Macaca mulatta) differ by only 2 of 248 amino acid residues, and the nucleotide sequence identity in the exons is 97% (Old and Mohrenweiser 1988; Old et al. 1989) . Rhesus and chimpanzee differ by < 2% in the exon segments, and the sequence divergence in the intron segments is < 10%. The 750 nucleotide coding sequences in human and chimpanzee differ at only five positions (Craig et al. 1991) . The sequence identity for > 500 nucleotides at both the 3' and 5' ends of the TPI genes in human and chimpanzee is over 98%, and similar identity for these regions exists between chimpanzee and rhesus. Thus, the evolutionary constraints on sequence divergence observed at the protein level also extend to the nucleotide level and include regions in addition to the exons. The absence of detectable allelic variation among the individuals in this sampling of the human population is consistent with the limited evolutionary divergence. It should be noted that nucleotide substitutions that are not resolved by DGGE or that exist in intron regions not screened could still be present in the human population.
The enzyme from all organisms studied has similar kinetic properties, and critical amino acid residues involved in catalysis are invariant in distantly related organisms, including E. coli and human (see Lolls et al. 1990 ). Crystallographic analyses of the enzyme from yeast and chicken indicate similar conservation in structural conformation (Lolis et al. 1990 ), although significant differences in thermostability are noted in the enzymes from various organisms (Naidu et al. 1984) .
The nucleotide substitution identified in the variant allele was in codon 122, which is located at the amino terminal end of the fifth p-strand. This segment corresponds to amino acid residues 122-127 of the yeast enzyme (Lolis et al. 1990 ). (The numbering of the amino acid residues is the same in the yeast and human enzyme). The eight [3-strands of the enzyme are composed of predominantly hydrophobic residues except for the amino terminal residues where the barrel is exposed to solvent. The opposite or carboxyl end of the barrel is most directly involved in the active site. Therefore, variation in residue 122 would not be expected to alter the interaction of the substrate with the active site, and this is consistent with the failure to detect any differences in kinetic parameters between the normal and variant homodimers. Residue 122 is glycine in the enzyme from 7 of 13 organisms, ranging from Saccharomyces cerevisiae (Alber and Kawasaki 1982) to human, for which the enzyme has been characterized. The corresponding residue in the other species includes lysine and glutamine residues in the enzymes from maize (Marchionni and Gilbert 1986) and Aspergillus nidulans (McKnight et al. 1986 ), respectively, thus the existence of a positively charged residue at this position is not incompatible with normal enzymatic function.
TPI-Manchester is a thermolabile electromorph variant with a Gly-to-Arg substitution at residue 122. Other amino acid substitutions associated with thermolability of this enzyme have been identified. Daar et al. (1986) found than an unstable variant associated with TPI deficiency was due to a Glu-to-Asp substitution at residue 104. Ahern et al. (1987) demonstrated that substitution of Asp for Ash at residue 78 of the yeast enzyme increased the heat lability while replacement of the Ash residues 14 and 78 (both of which are at the subunit interface) with Thr and Ile, respectively, nearly doubled the thermostability of the enzyme. The enzyme from rhesus is also very thermolabile compared to the human isozyme, although the proteins differ by only two amino acid residues, Asn/Ser at residue 20 and Glu/Asp at residue 198 (Old and Mohrenweiser 1988) . None of these residues are in the 13-strands of the barrel structure.
Without detailed structural information derived from crystallographic analysis of the variant isozyme, it is not possible to define explicitly the effect that the replacement of a glycine residue with an arginine may have on the tertiary structure. However, the incorporation of a considerably bulkier, charged side chain at this position would have the potential for disrupting the compactness of folding, possibly resulting in an alteration of the tertiary structure, a phenomenon that would be consistent with the observed increase in thermolability.
